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Abstract—Linear adaptive channel equalization using the least
mean square (LMS) algorithm and the recursive least-squares
(RLS) algorithm for an innovative multi-user (MU) MIMO-
OFDM wireless broadband communications system is proposed.
The proposed equalization method adaptively compensate the
channel impairments caused by frequency selectivity in the
propagation environment. Simulations for the proposed adaptive
equalizer, are conducted using a training sequence method to
determine optimal performance through a comparative analysis.
Results show an improvement of 0.15 in BER (at a SNR of 16 dB)
when using Adaptive Equalization and RLS algorithm compared
to the case in which no equalization is employed. In general,
adaptive equalization using LMS and RLS algorithms showed to
be significanlty benefitial for MU-MIMO-OFDM systems.
Index Terms—Adaptive Equalization, MIMO, OFDM, Linear
Equalization, LMS, RLS
I. INTRODUCTION
High-speed broadband Internet access is widely recognized
as a catalyst to social and economic development, having a
significant impact on the global economy. As more services,
transactions, and interactions occur online, it is important
that as much of the population as possible has the option
of broadband Internet access available to them. However, on
average, in the USA during 2007[1] and Australia during
2006[2], only 70% of rural households had broadband Internet
access compared with 84% of urban households.
Multiple Input Multiple Output (MIMO)[3] and Orthogonal
Frequency Division Multiplexing (OFDM)[4] stand as promis-
ing technologies to resolve bottlenecks in traffic capacity of
current and future high data rate wireless systems. MIMO
systems employ multiple antennas at both transmitter and
receiver to open up additional subchannels in the spatial
domain. As parallel channels are established over the same
time and frequency, higher data rates and capacity can be
achieved without the need of increased transmission power or
additional bandwidth[5]. OFDM, on the other hand, converts
a frequency selective channel into a non-frequency selective
channel by dividing the available spectrum into a number of
overlapping but orthogonal narrowband subchannels. More-
over, it mitigates inter symbol interference (ISI) caused by
multipaths and provides relatively simpler implementations[6].
Overall, these performance intensifying advantages have made
the combination of MIMO-OFDM the preferred technique for
several high data rate wireless technologies[7].
Multi-User MIMO-OFDM (MU-MIMO-OFDM) systems
have been proposed as a solution for the provision of broad-
band services to sparsely populated rural communities achiev-
ing typical data rates of 100Mbps and at considerably lower
costs than WiMAX or 4G[8, 9]. In MU-MIMO, faster wire-
less broadband services are enabled by employing multiple
antennas at an access point (AP) to serve user terminals (UT)
equipped with a single antenna. The MU-MIMO system will
be capable of serving multiple users sparsely distributed in a
given area using the same bandwidth. This system provides
an increased spectrum efficiency compared to traditional fixed
wireless multiple access in rural areas[10].
Although, over the last fifteen years, MIMO-OFDM wire-
less communications have attracted extensive attention from
both the academic and industrial communities, a practical
MIMO-OFDM transceiver architecture, capable of achieving
channel capacity boundaries in realistic channel conditions
remains predominantly an open problem. Specifically, accurate
channel equalization in MU-MIMO systems poses a key
dilemma, which prevents attaining high capacities required.
Additionally, a critical factor that determines the overall per-
formance of MU-MIMO-OFDM system is the availability of
Channel State Information (CSI) that defines the rural propa-
gation environment. Therefore, the design and implementation
of an efficient MU-MIMO system still faces significant chal-
lenges, in particular, the development of efficient and accurate
channel equalization methods [11].
This paper presents a linear adaptive equalization approach
using LMS and RLS adaptive algorithms for MU-MIMO-
OFDM systems that can adaptively equalize the channel
impairments. This paper is organized, as follows, the MU-
MIMO technology basis is presented in section II. Section III
describes adaptive equalization (AE) approach using training
based equalization methods, the LMS and the RLS algorithms.
The MU-MIMO-OFDM system model and the proposed linear
adaptive equalizer are presented in section IV. Section V
presents the results and discussion. Finally, conclusions and
future work are suggested.
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Fig. 1: The uplink MU-MIMO-OFDM transceiver model with linear adaptive equalization
II. MU-MIMO TECHNOLOGY
Standardized wireless local loop (WLL), wireless local
area network (WLAN), wireless metropolitan area network
(WMAN), and more recently wireless regional area network
(WRAN) technologies have been considered to provide terres-
trial fixed wireless multiple access for rural areas. However,
these standard technologies achieve a spectrum efficiency of
less than 6 bits/s/Hz/cell[10]. Therefore, to simultaneously
serve every user in a cell with high data rates, either a wide
frequency spectrum or an excess of access points would be
required.
With MU-MIMO, the AP is equipped with multiple anten-
nas to serve sparsely distributed UTs with a single antenna
using the same bandwidth. This approach facilitates the allo-
cation of a wider bandwidth for each user, thus giving them
access to faster data rates. Suzuki et al. [8], show that the
spectrum efficiency can be enhanced linearly as a function
of the number of antenna elements at the AP. This can be
delivered without increasing the total transmitted power and,
in predominantly line-of-sight (LoS) environments. A uniform
circular array at the AP and a low-complexity zero-forcing
(ZF) pre-coding based downlink are used to achieve this
task[8].
III. ADAPTIVE EQUALIZATION (AE)
Equalization is a technique that improves link performance
in hostile environments. Channel impairments, like ISI pro-
duced by multipath within time dispersive channels, are com-
pensated by equalization at the receiver.
ISI occurs when the spread of the overall impulse response
is larger than the symbol period Ts. ISI creates uncertainty
in the received data samples. The receiver gets a continuous
signal whose samples can take any value, rather than receiving
discrete levels that were transmitted. The receiver must then
compose an estimate from the received symbols to detect
the transmitted symbols. The channels are characterized by
a channel transfer function in which particular frequency
components of transmitted signals are uniquely attenuated and
uniquely delayed. The channel coefficients and their statistics
are generally unknown and time-varying. The temporal vari-
ations change the channel coefficients even after the initial
estimation. The equalizer must recursively update the time
varying channel characteristics and therefore, is called an
adaptive equalizer.
The two main types of AE are linear and nonlinear which
are determined from how the AE output is used for successive
control (feedback) of the AE. The linear equalizers do not
employ a feedback path to adapt the equalizer and therefore,
provide simpler implementations. The nonlinear equalizers
such as Decision Feedback Equalizers are widely employed
in wireless applications where the channel distortions are too
critical for a linear equalizer to manage.
An AE operates in two modes: training and tracking[12].
First, the AE coefficients need to be trained to adapt to
a proper value of minimum bit error rate (BER) detection.
This operation can be performed by exploiting training se-
quences. The training data consists either of pilot symbols
that are repeatedly multiplexed into the data stream, or of
a training data block at the beginning of each packet, for
packet transmission[13]. This method is widely used in current
wireless communications systems as it shows high accuracy
and low complexity. Therefore, we employ this method in our
equalization technique. However, it introduces an overhead to
the communication system and therefore, reduces spectrum
efficiency. Second, to compensate for the channel distortions,
the AE uses an adaptive algorithm to evaluate the channel and
adjust the filter coefficients recursively.
LMS[14] adaptive algorithm is widely employed in MIMO
equalization. The LMS algorithm is a stochastic gradient
algorithm since it uses the gradient vector of the filter tap
weights to converge on the optimal wiener solution. It is
widely used in adaptive signal processing due to computational
simplicity, simpler implementations, and robust performance.
The LMS algorithm achieves simplicity of implementation
by exploiting instantaneous estimates of the autocorrelation
matrix of the input signal vector, and the cross-correlation
vector between the input vector and the desired response.
On the other hand, the RLS algorithm uses continuously
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Fig. 2: A linear adaptive equalizer during training
updated estimates of these two measures, which go back to
the beginning of the adaptive process. Therefore, simulations
for the proposed MU-MIMO-OFDM adaptive equalizer, are
conducted with LMS and RLS adaptive algorithms using
training sequence AE coefficients training method to achieve
optimal performance through a comparative analysis.
IV. LINEAR ADAPTIVE EQUALIZATION IN
MU-MIMO-OFDM SYSTEM
A block diagram of an uplink MU-MIMO-OFDM system
with adaptive equalization in frequency domain is exemplified
in Fig. 1. As a complexity alleviation technique in OFDM, the
Fast Fourier Transform (FFT) algorithm is employed to per-
form N -point FFT and inverse FFT (IFFT) at the transmitter
and the receiver respectively. At the transmitter, a binary data
stream from each user terminal U is passed through a serial to
parallel (SP) converter and subsequently mapped onto blocks
of data symbol constellation points. Then, inverse fast Fourier
transform (IFFT) is performed to generate OFDM subcarriers.
There will be NU -element signal constellation blocks. The
signal from the uth block (u = 1, 2, . . ., U) can be expressed
as
Dk,u = [Dku
1
, Dku
2, . . ., Dku
N ]T (1)
where index k is the current time instant and T is the transpose
of the vector.
The outputs of the modulators are then transmitted by a
single antenna at the UT through the unknown channel. At
the receiving end, the signals received by R antennas in the
AP are forwarded through FFT OFDM demodulators to obtain
frequency domain points. The resultant Y n (n = 1, 2, . . ., N)
complex points are the complex baseband version of the N
modulated subcarriers. The outputs of the demodulators are
then sent through the proposed frequency domain linear adap-
tive equalizers to equalize the unknown channel to compensate
for channel ’s dispersion occurred at different subcarriers.
The inputs to the equalizers are the complex samples at the
output of the FFT demodulators and can be expressed as
Yk,j
n =
U∑
u=1
Hju
nDku
n +Nkj
n, (n = 1, 2, . . ., N) (2)
where Hjun is the gain of the channel between the uth UT
and jth receiver antenna at AP observed on the nth OFDM
subcarrier and Nkj n is the additive white Gaussian noise
sample at the output of the nth FFT bin of the jth receiver
antenna at the kth time instant.
Since the subcarriers are mutually orthogonal, we can
consider each output bin separately. There are R × U linear
adaptive equalizers in each of the bins and N bins perform
MIMO equalization. We jointly process FFT output samples
from a given nth bin received from all R OFDM demodula-
tors. The objective of this operation is to detect and equalize
all U data symbols placed in the nth bin of the IFFT block
in the UTs. If we apply the following vector notation
Ykn = [Y nk,1, Yk,2
n, . . ., Yk,R
n]
T
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Fig. 3: Simulation results for uplink MU-MIMO-OFDM sys-
tem
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n
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...
HnR1 · · · HnRU

we can express the outputs of the nth bin of the FFT
demodulator as
Ykn = HnDkn + Nkn, (n = 1, 2, . . ., N) (4)
From our linear adaptive equalization method, the transmit-
ted data block Dkn can be found on the basis of the received
sample vector Ykn that is observed at the outputs of the nth
bin of R FFT OFDM demodulators.
Fig. 2 illustrates the process of a linear adaptive equalizer.
The adaptive algorithm LMS is controlled by error signal
ek. The error signal is derived by comparing the output of
the equalizer Dˇk, with a training sequence Dk. The adaptive
algorithm, then uses ek to minimize a cost function and
updates the equalizer coefficients in a way that iteratively
decreases the cost function. The filter coefficients of the
equalizer are updated by the LMS algorithm as follows,
wk+1 = wk + 2µekYk,j
n (5)
where Yk,jn is the input vector of time delayed input values,
the tap weights of equalizer are wk = [w0k, w1k, . . ., wpk]
T
at time instant k and p is the order of the equalizer. These
coefficients contain information from channel characterization.
The parameter µ is the step size which is a small positive
constant and it controls the influence of the updating factor.
In RLS, the cost function can be minimized as follows
ξ (k) =
k∑
i=1
λk−i |e (i)|2 (6)
where λ is the forgetting factor which is a positive constant
close to, but less than 1. The results are discussed in the next
section.
V. SIMULATION RESULTS
Computer simulations were performed using Matlab in or-
der to show the improvements achieved by the proposed linear
adaptive equalization method for uplink MU-MIMO-OFDM
system using the LMS and the RLS adaptive algorithms.
Two path MIMO frequncy selective fading channels were
generated and BPSK modulation was used. The simulations
were performed for a time index K = 100, the number of
subcarriers was N = 128, the number of user terminals equals
to U = 6, and the number of receiver antennas at the access
point was R = 12. The step size of the LMS was empirically
fixed to 0.03 to allow a faster convergence and the forgetting
factor of the RLS algorithm was fixed to 0.99 since λ < 1
implies the filter will have less memory and therefore will
adapt to a time varying channel more efficiently.
Fig. 3 shows the simulation results for BER with LMS,
RLS equalization and without equalization. Linear Adaptive
Equalization using LMS and RLS provide a significantly lower
BER when used in MU-MIMO-OFDM systems. For example,
at SNR of 16 dB, the average BER without equalization is
0.16 while the average BER with LMS AE is 0.05, which
is 0.11 lower than the average BER without equalization.
Similarly, at SNR of 16 dB, the average BER with RLS
AE is 0.01, which is 0.15 lower than the average BER
without equalization. In general, these results demonstrate the
significant effect Adaptive Equalization is able to achieve in
MU-MIMO-OFDM systems. As expected, RLS BER results
show better performance than the LMS algorithm resuls, due
to the adpative property of RLS algorithms which continuously
update the estimates of the autocorrelation matrix of the input
signal vector and the cross-correlation vector between the input
vector and the desired response of the filter. Therefore, we can
conclude that the RLS algorithm performs better than the LMS
algorithm for uplink MU-MIMO-OFDM systems.
VI. CONCLUSIONS
Critical factors that determine the overall performance of
MU-MIMO-OFDM systems are the ISI produced by multipath
within time dispersive channels and frequncy selectivity. These
channel impairments could be compensated by appropriate
equalization at the receiver. This paper presents a linear adap-
tive equalization method for innovative MU-MIMO-OFDM
systems. The proposed equalization method adaptively equal-
izes the channel and compensate for channel impairments.
LMS and RLS adaptive algorithms as well as training sequence
based equalization methods are employed in the proposed AE
to determine optimal performance. Average BER results for
a MU-MIMO-OFDM system employing 6 user terminals and
12 receiving antennas using BPSK at a SNR of 16 dB show a
lower BER when using AE, BER equals to 0.05 for LMS and
0.01 for RLS algorithms, in comparison with a 0.16 BER when
AE is not used. This shows the significant effects Adaptive
Equalization can provide to MU-MIMO-OFDM systems.
Future work will focus on simulating the adaptive channel
equalization methods by incorporating actual channel mea-
surements obtained for MU-MIMO-OFDM systems and to
improve the proposed equalizer to study non-linear equaliza-
tion techniques, such as decision feedback equalization for
different adaptive algorithms.
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